1 2 Purpose: To develop a liquid crystal polymer (LCP) based, long-term implantable, 3 retinal stimulation microelectrode array using a novel fabrication method. 4 Methods: The fabrication process used laser micromachining and customized thermal-5 press bonding to produce LCP based microelectrode arrays. To evaluate the fabrication 6 process and the resulting electrode arrays, in vitro reliability tests and in vivo animal 7 experiments were performed. The in vitro tests consisted of electrode site impedance 8 recording and electrode inter-layer adhesion monitoring during accelerated soak tests. 9 For in vivo testing, the fabricated electrode arrays were implanted in the suprachoroidal 10 space of rabbit eyes. Optical coherence tomography (OCT) and electrically evoked 11 cortical potentials (EECPs) were used to determine long-term biocompatibility and 12 functionality of the implant.
Introduction
properties against various chemicals and can be thermally bonded to each other without 1 adhesives. [8] [9] [10] [11] [12] [13] [14] [15] Because of their high reliability under harsh environmental conditions, 2 LCPs have been investigated as long-term reliable substrate materials for high 3 performance printed circuit boards, 8,15 micro-electromechanical system sensors, 10 and 4 neural prostheses. 11,12 5 In this paper, we report the development of a novel retinal stimulation 6 microelectrode array using LCPs and report on the electrode array's performance during 7 in vitro and in vivo experiments. A simplified fabrication process for such LCP based 8 microelectrode arrays is also introduced. The fabrication process, which uses laser micromachining and customized 14 thermal-press bonding, is shown in Fig. 1(a conventional wet etching process.
17
After the patterning process, the substrate was released from the silicon wafer 18 Page 6 of 34 IOVS 7 using acetone. The cover was then positioned on the substrate using the alignment 1 marks, and the pair placed into a custom aluminum mold, comprising 100 mm diameter 2 planar plates and four alignment pins. Thermal-press bonding 15 was performed at 300 3 psi (2.1 MPa) and 285°C for 45 min using a heated press (Model CH, Press no. 4386, 4 Carver, Inc., Wabash, IN, USA). Subsequently, the laminated structure was cut into the 5 final microelectrode array shape ( Fig. 1(b) ) using the aforementioned UV laser 6 machining system (Electro Scientific Industries). inter-layer adhesion strengths have been measured. 6 We considered both of these testing 13 methods to evaluate the overall reliability of the fabricated microelectrode arrays; 14 however, in this paper we focused on tests that indicate long-term structural reliability.
15
To assess the long-term structural reliability of the LCP based electrode arrays connectivity and the exposed site metal status. We selected 5 sites (stimulation channels 4 1, 2, 3, 4 and the reference electrode; Fig. 2(b) ) among the 8 available sites, and during 5 the soak tests regularly measured their impedance (magnitude) at 1 kHz 5 mV 6 amplitude sine waveform using an impedance analyzer (IM6e, Zahner-Elektrik, 7 Kronach, Germany), as shown in Fig. 2(a) . These EECPs recordings were acute and performed using a previously reported 8 system. 18 Briefly, the recording electrode (a single needle electrode) was inserted into a 9 fine hole drilled in the skull (without craniotomy). The hole was located 6 mm anterior 10 and 4 mm contralateral to lambda, an area previously reported as a good position for 11 EECPs recordings. 18 The reference electrode (a single needle electrode) was inserted 12 into a hole located 20 mm anterior to the lambda. The counter electrode (ground 13 electrode) was inserted in the ipsilateral ear. 
Fabrication Results

8
The LCP based microelectrode arrays were fabricated using the aforementioned 9 process and their morphologies were examined with a field emission scanning electron 10 microscope (FE-SEM; S-4800 UHR FE-SEM, Hitachi High-Technologies, Tokyo, 11 Japan). Fig. 3 shows the array outline, the Au electrode site windows, the LCP cover 12 surface, and the overall structure. The FE-SEM images indicate that laser cutting 13 produced a smooth, rounded edge on the array outline ( Fig. 3(a), (b) ). The Au electrode 14 site/LCP window edges were smooth, distinct, and without misalignment (Fig. 3(c), (d) ).
15
In addition, no burrs and residues were observed in the surrounding areas. The site impedance of the fabricated microelectrode array was monitored 4 during 9 week soak tests at 37°C and 75°C. For the first week, impedance was measured 5 daily, and in the remaining weeks impedance sampling was performed once a week. As 6 shown in Fig. 4 , the electrode impedance showed initial drop before reaching steady 7 values. The impedance from the 75°C soak stabilized more quickly than that from the 8 37°C soak. Such decrease of impedance has been observed by other groups who 9 employed various types of neural probes [19] [20] [21] [22] and the change has been attributed to 10 metal-fluid interface equilibration. 21 This change could have been accelerated at higher 11 temperature. After the stabilization period, the impedance of each of the electrode sites 12 was maintained over the 8 weeks and there was no marked differences between the soak 13 test results from the two soak temperatures (Fig. 4) . These results showed that the 14 electrical connections of all test channels were sustained, and indicated that the exposed 15 electrode sites on LCP were well preserved during the test period. The electrode impedance showed initial drop before reaching steady values. The 4 impedance from the 75°C soak stabilized more quickly than that from the 37°C soak.
5
After the stabilization period, the impedance of each of the electrode sites was 6 maintained over the 8 weeks and there was no marked differences between the soak test 7 results from the two soak temperatures. The blister test results (Fig. 5 ) showed that the LCP/LCP and Ti/LCP adhesions 10 were strong and reliable in comparison to polyimide/polyimide (PI/PI) and The fabricated microelectrode arrays were successfully implanted in the supra-7 choroidal space of the rabbit eyes. During insertion, no guide tools were needed because 8 the fabricated structure exhibited an adequate amount of flexibility. The stimulation 9 sites were successfully located near the retina's visual streak, and the reference site was 10 located at the outer wall of the sclera.
11
Acute in vivo electrical stimulation experiments were performed to record the 12 EECPs from the rabbit visual cortex. Cathodic-first biphasic current pulses of 0-100 µA 13 amplitude, 1 ms duration, and 1 Hz period with 1 ms inter-phase delay were applied 14 between the four stimulation sites and the reference site ( Fig. 2(b) ), and EECPs 15 waveforms were simultaneously recorded ( Fig. 6(a) ). The waveforms exhibited the (500 µm diameter) . Because the stimulus artifact ( Fig. 6(a) ) component might 3 have distorted and/or reduced the amplitude of the negative wave (N1 in Fig. 6(a) ), the 4 implicit time of the first negative peak was estimated at <16 ms. The first positive peak 5 (P1 in Fig. 6(a) ) was clearly observed and its implicit time was 26 ms. This relatively 6 slow wave is similar to those observed in previous suprachoroidal stimulations 17,18 and 7 clearly different from that resulting from a stimulus artifact. In addition, the first 8 positive peak (P1) amplitude had a nearly linear relationship with the stimulation 9 amplitude ( Fig. 6(b) ). of the explanted array ( Fig. 7(f) ) showed no sign of degradation such as delamination of 10 sites or site windows. The LCP fabrication process is different from existing polymer fabrication 7 processes for polyimide and parylene. First, LCP is a thermoplastic polymer that is 8 supplied as a thin, film-type product 14 . Therefore, no spin-coating and curing processes, 9 which are generally used in thermosetting polymer fabrication, are needed to fabricate suitable. Moreover, plasma dry etching of LCP results in a slow etching rate and 1 irregular surface morphologies and therefore requires additional time to create smooth 2 site windows and electrode array outlines. To overcome these difficulties, modifications 3 to conventional fabrication procedures were needed.
4
In our work, laser micromachining was fully exploited for improving 5 fabrication productivity. Laser drilled alignment marks were useful for precise 6 alignment, and laser machining produced a fast etching rate with high flexibility.
7
Although laser machining is a serial process, often disadvantageous to batch fabrication, 8 it is suitable for simplified fabrication of LCP material. into their long-term reliabilities with LCP substrates will be reported in the future.
7
In vitro accelerated reliability tests showed that such LCP based microelectrode 8 arrays have excellent stabilities in a high-humidity environment. Furthermore, even 9 under high temperature (75°C) PBS soak tests, Au site conditions and inter-layer 10 adhesion strengths of the electrode arrays showed no degradation for periods of 9 weeks 11 and 8 weeks, respectively. These results can be explained by the very low moisture 12 absorption (<0.04%) and thermal bondable interface characteristics of LCPs.
13
The feasibility and long-term biocompatibility of LCP based microelectrode The electrode impedance showed initial drop before reaching steady values. The 10 impedance from the 75°C soak stabilized more quickly than that from the 37°C soak.
11
After the stabilization period, the impedance of each of the electrode sites was 12 maintained over the 8 weeks and there was no marked differences between the soak test 13 results from the two soak temperatures. 
